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INTRODUCTION 

The Lawrence Livermore Laboratory is c u r r e n t l y  developing a method f o r  
i n - s i t u  g a s i f i c a t i o n  of subbituminous western c o a l s  ( 1 , Z ) .  One of t h e  most 
important  unreso lved  q u e s t i o n s  r e l a t e s  t o  the  amount and type  of  products  
ob ta ined  d u r i n g  t h e  p y r o l y s i s  phase. Wyoming subbituminous c o a l  l o s e s  about 
40 t o  50% of i t s  d r y  weight during p y r o l y s i s ,  genera t ing  low-molecular-weight 
gases, l i g h t  hydrocarbons,  and heavy tars. Since  such a l a r g e  percentage 
of t h e  c o a l  can be  removed i n  t h e  form of p y r o l y s i s  products  (many of  which 
have a h igh  h e a t i n g  v a l u e ) ,  t h e  p y r o l y s i s  process  must b e  w e l l  understood 
i f  w e  a r e  t o  model i n - s i t u  g a s i f i c a t i o n  proper ly .  

Unfor tuna te ly ,  t h e  l i t e r a t u r e  conta ins  l i t t l e  q u a n t i t a t i v e  information 
on subbi tuminous c o a l  p y r o l y s i s  between 383 and 1273 K (llO-lOOODC). 
t h i s  i n  mind, we have  c a r r i e d  out  our  s tudy  of Roland seam (Wyodak mine ) 
subbituminous coa l .  This  r e p o r t  d e s c r i b e s  our  a n a l y s i s  of t h e  major gaseous 
p y r o l y s i s  products  (H2,  CO, C02, CH4. C2H6, C3H8, and C2H4). These g a s e s  
account f o r  approximately 25% of t h e  weight  of t h e  o r i g i n a l  c o a l .  The 
q u a n t i t y  of each g a s  and t h e  temperature  range of evolu t ion  were determined. 
Also, t h e  e f f e c t i v e  k i n e t i c s  f o r  t h e  e v o l u t i o n  of each s p e c i e s  w e r e  eva1nar-A 
using noniso thermal  k i n e t i c  methods. 
v a l u a b l e  f o r  model ing purposes  s i n c e  they can a c c u r a t e l y  d e s c r i b e  t h e  
macroscopic p y r o l y s i s  process .  

W+th 

E f f e c t i v e  k i n e t i c  parameters  a r e  

S ince  c o a l  i s  such a heterogeneous mixture  of compounds, i t  is only  
p o s s i b l e  t o  re la te  macroscopic  e f f e c t i v e  k i n e t i c s  i n d i r e c t l y  t o  a c t u a l  
s p e c i f i c  microscopic  chemical and p h y s i c a l  p rocesses .  Therefore ,  t h e  r e s u l t s  
repor ted  h e r e  a r e  only  g e n e r a l l y  c o r r e l a t e d  t o  t h e  known chemistry of  c o a l ,  
bu t  t h e y  provide  a good p h y s i c a l  p i c t u r e  of t h e  chemical process  t h a t  may 
occur dur ing  p y r o l y s i s .  

EXPERIMENTAL 

A 50-g sample was used i n  t h e  experiments .  Sample prepara t ion  procedure 
is descr ibed  e l sewhere  (3) .  Table 1 gives  a s tandard  a n a l y s i s  of t h e  coa l .  
P a r t i c l e  d iameter  d i s t r i b u t i o n  was from 1.68 t o  3.35 mm. A l l  samples were 
water -sa tura ted ,  t h e n  d r i e d  i n  vacuum a t  383 K (110OC) f o r  4 h. Following 
dry ing ,  t h e  sample were immediately pyrolyzed.  A t  no time w a s  a i r  al lowed 
t o  c o n t a c t  t h e  dry  samples. 
* 

This work w a s  performed under t h e  a u s p i c e s  of t h e  U.S. Energy Research & 
Development Adminis t ra t ion ,  under c o n t r a c t  No. W-7405-Eng-48. 

'Reference t o  a company o r  product  name does n o t  imply approval  o r  
recommendation of t h e  product  by t h e  U n i v e r s i t y  of C a l i f o r n i a  o r  the U.S. 
Energy Research & Development Adminis t ra t ion t o  t h e  exc lus ion  of o t h e r s  
t h a t  may be s u i t a b l e .  
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The d e t a i l s  of  t h e  appara tus  and procedures  are descr ibed  elsewhere (3) .  
The pyro lys i s  appara tus  c o n s i s t e d  of a flow c o n t r o l  u n i t ,  a r e a c t o r ,  and a 
sampling system. 

The flow c o n t r o l  u n i t  provided a cons tan t  sweep ( f l % )  of A r  c a r r i e r  
gas  through t h e  system. 
q u a n t i t a t i v e  measure of t h e  gaseous product  composi t ion r e l a t i v e  t o  t h e  
cons tan t  background flow. 

Thus, we could o b t a i n  by mass spectroscopy a 

The furnace ,  which enclosed t h e  r e a c t o r ,  was programmed t o  i n c r e a s e  
t h e  temperature l i n e a r l y  wi th  t i m e  (3.33'C/min). The c o a l  sample w a s  placed 
i n  a basket and p o s i t i o n e d  a t  t h e  c e n t e r  of t h e  r e a c t o r  (and furnace)  a t o p  
a m a s s  of ceramic b a l l s .  The ceramic b a l l s  prehea ted  t h e  carrier gas  t o  t h e  
r e a c t o r  temperature. A thermocouple at  t h e  c e n t e r  of t h e  c o a l  sample 
monitored t h e  tempera ture  of t h e  p y r o l y s i s  r e a c t i o n  zone. 

METHOD OF KINETIC ANALYSIS 

We have used noniso thermalmethods  t o  o b t a i n  t h e  gas e v o l u t i o n  k i n e t i c s .  
These methods have been descr ibed  by van Heek et. ( 4 ) ,  who show t h a t  f o r  
a cons tan t  h e a t i n g  rate (dT/dt = C ) ,  t h e  rate of gas  evolu t ion  f o r  a f i r s t -  
o r d e r  r e a c t i o n  i s  given as 

where E i s  t h e  a c t i v a t i o n  energy,  A is t h e  k i n e t i c  frequency f a c t o r ,  C i s  
t h e  hea t ing  rate and Vm is t h e  t o t a l  volume of gas  evolved. 

The r a t e  of gas  e v o l u t i o n  (dV/dT) f o r  a g iven  c o s t a n t  h e a t i n g  ra te  i s  

The 
determined experimental ly .  Knowing t h e  t o t a l  volume of t h e  material evolved,  
one can f i t  Equat ion 1 t o  t h e  experimental  r e s u l t s  and o b t a i n  E and A .  
c loseness  of t h e  f i t  i s  a good i n d i c a t i o n  of t h e  v a l i d i t y  of t h e  assumed 
r e a c t i o n  order .  

A s  noted i n  t h e  i n t r o d u c t i o n ,  c o a l  i s  such a complicated heterogeneous 
mixture  of d i f f e r e n t  organic  and i n o r g a n i c  compounds t h a t  t h e  r e p o r t e d  
p y r o l y s i s  k i n e t i c s  are undoubtedly an average f o r  a v a s t  number of d i f f e r e n t  
r e a c t i o n s  t h a t  g i v e  t h e  same product .  For t h i s  reason ,  the  a c t i v a t i o n  energy 
and frequency f a c t o r  f o r  a p a r t i c u l a r  gas  e v o l u t i o n  process  are o n l y  
"ef fec t ive"  v a l u e s  f o r  t h e  whole process .  

RESULTS AND DISCUSSION 

Figure 1 g i v e s  t h e  exper imenta l ly  observed gas  e v o l u t i o n  curves f o r  
t h e  major c o a l  p y r o l y s i s  gases :  
These curves were obta ined  us ing  a h e a t i n g  ramp of 3.33 K/min (3.33'C/min) 
between 383 and 1273 K (llO°C-lOOOoC). 

H2, C O z ,  CO,  CH4, C2H6, C3H8, and C2H4. 

The concent ra t ions  of product  gases  w e r e  normalized t o  t h a t  of t h e  
constant-flow A r  c a r r i e r  gas .  
provides  t h e  t o t a l  volume of each gas  given o f f  dur ing  p y r o l y s i s  (Table  2 ) .  

I n t e g r a t i o n  of t h e  evolu t ion  envelopes 
. 
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Hydrogen e v o l u t i o n  

F igure  la and Table  2 r e v e a l  t h a t  H2 is t h e  major  p y r o l y s i s  gas .  
occurs  a t  twice t h e  mole concent ra t ion  of any o t h e r  gas  and r e p r e s e n t s  about  
40% of t h e  t o t a l  gas  evolved.  

It 

Using Equat ion 1, one can e v a l u a t e  t h e  a c t i v a t i o n  energy and k i n e t i c  
f requency f a c t o r  f o r  p y r o l y t i c  H 2  evolu t ion  by assuming t h a t  it i s  a f i r s t -  
o r d e r  process. 
i n  F igure  l a  us ing  a s t a n d a r d  computer code ( 5 ) ,  one can c a l c u l a t e  an 
e f f e c t i v e  a c t i v a t i o n  energy of 22.3 kcal /mole and a frequency f a c t o r  of 
1 .2  x l o 3  min-' f o r  dehydrogenat ion.  
t h i s  f i t  t o  t h e  exper imenta l  da ta .  The a c t i v a t i o n  energy and t h e  frequency 
f a c t o r  a r e  t h e  only  v a r i a b l e  parameters  i n  t h e  code. From t h e  c loseness  of 
t h e  computer f i t ,  i t  appears  t h a t  H2 e v o l u t i o n  i s  adequate ly  descr ibed  as a 
f i r s t - o r d e r  process .  

By numer ica l ly  f i t t i n g  Equat ion 1 t o  t h e  experimental  p o i n t s  

F igure  2a reveals t h e  c loseness  of 

The observed a c t i v a t i o n  energy f o r  H2 e v o l u t i o n  i s  unusual ly  low f o r  
t h e  temperature  a t  which it took p l a c e .  The a c t i v a t i o n  energy f o r  a t y p i c a l  
C-H bond-breaking p r o c e s s  i s  about  101 kcal /mole.  Berkowitz and den 
Hertog (6) r e p o r t  a c t i v a t i o n  e n e r g i e s  of 8 t o  15 kcal /mole f o r  p y r o l y t i c  
dehydrogenation of o t h e r  c o a l  t y p e s  between 873 and 1073 K (600 -8OO0C) ,  and 
t h e i r  low va lues  are i n  f a i r  agreement wi th  t h e  r e s u l t s  r e p o r t e d  h e r e  f o r  
Roland seam coal .  I t  would appear  t h e r e f o r e  t h a t  t h e  s imple bond-breaking 
p i c t u r e  i s  inadequate .  

It is  w e l l  known t h a t  H:, evolu t ion  in c o a l  r e s u l t s  from t h e  f u s i o n  of 
aromatic  r i n g  s t r u c t u r e s  ( lamel lae) - in  t h e  c o a l  mat r ix .  This  r e a c t i o n  can 
be schemat ica l ly  r e p r e s e n t e d  as 

A r  - H + A r t  - H + A r '  - A r  + H 2 ,  

where A r  and A r t  r e p r e s e n t  p a r t i c u l a r  l a m a l l a e  s t r u c t u r e s  conta in ing  n and 
n '  aromatic  r i n g  u n i t s  each (e.g., pyrene and phenantherene) .  Berkowitz 
and den Hertog (6 )  proposed t h a t  t h e  d i f f u s i o n  of two lamel lae  i n t o  some 
c o n f i g u r a t i o n  where r e a c t i o n  becomes p o s s i b l e  i s  t h e  rate-determining s t e p .  
The a c t i v a t i o n  energy observed f o r  H2 emiss ion  would then  b e  a measure of  
t h e  a c t i v a t i o n  energy a s s o c i a t e d  wi th  t h e  d i f f u s i o n  of t h e  lamel lae  u n i t s .  

Since char  i s  such  a heterogeneous mixture  of  m a t e r i a l s ,  i t  is a l s o  
p o s s i b l e  t h a t  H2 emiss ion  occurs  from a number of chemical ly  nonequivalent  
sites, each wi th  i t s  own a c t i v a t i o n  energy. I f  t h i s  i s  t h e  case ,  t h e  
experimental ly  observed dehydrogenat ion curve  r e p r e s e n t s  t h e  sum t o t a l  of  
H2 from many d i f f e r e n t  sites. Thus t h e  a c t i v a t i o n  energy f o r  H2 release 
from each s i t e  sould  b e  q u i t e  h igh  (>>20 kcal /mole) ,  and y e t  t h e  curve 
(Fig. 2a) would g i v e  t h e  appearance of a low a c t i v a t i o n  energy o v e r a l l .  
The observed tempera ture  dependence of t h e  t o t a l  H2 r e l e a s e  (7,8) g i v e s  
suppor t  t o  t h i s  v i e w .  
a l though a t  each tempera ture ,  dehydrogenation goes e s s e n t i a l l y  t o  completion. 
This  i n d i c a t e s  t h a t  a number of d i f f e r e n t  H2 formation r e a c t i o n s  t a k e  p l a c e ,  
each occuring a t  a d i f f e r e n t  temperature .  

A s  temperature  i n c r e a s e s ,  t h e  H2 r e l e a s e  i n c r e a s e s ,  
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Carbon oxides  

Carbon d ioxide .  Carbon d ioxide  i s  t h e  f i r s t  p y r o l y s i s  gas  t o  b e  
r e l a s e d  i n  a p p r e c i a b l e  q u a n t i t i e s  (Fig.  l b ) .  A t r a c e  of CO2 appears  at 
about 523 K (25OoC), goes through maxima a t  793 K (470'C) and about 923 K 
(650"C), and then  e v e n t u a l l y  d e c l i n e s  t o  zero  at 1123 K (850'C). 
peaks seem t o  i n d i c a t e  CO2 emission from a t  least two d i s t i n c t  s o u r c e s .  The 
f i r s t  peak may b e  due i n  l a r g e  p a r t  t o  carboxyl ic  a c i d  (COOH) decomposition; 
t h e  second peak probably r e s u l t s  from carbonate  decomposition i n  t h e  minera ls .  
F i t t i n g  Equation 1 t o  t h e  observed evolu t ion  curve g ives  t h e  v a l u e s  of t h e  
e f f e c t i v e  a c t i v a t i o n  e n e r g i e s  and frequency f a c t o r s  (Table  2) .  F igure  2b 
shows t h e  c loseness  of t h e  c a l c u l a t e d  f i t .  

The twin 

Blom (9) r e p o r t e d  t h e  d i s t r i b u t i o n  of oxygen f u n c t i o n a l  groups i n  
v i t r a i n s  of  var ious  C and 0 conten t .  For a v i t r a i n  of about  18 w t %  02  and 
73 w t %  C ,  dry and mineral-matter  f r e e  (a composi t ion s i m i l a r  t o  t h a t  of 
Roland seam c o a l  a s  descr ibed  in Table l), t h e  amount of 0 a s  COOH is about 
3 t o  4 w t %  ( i . e . ,  about  17 t o  22% of t h e  t o t a l  0).  The amount of 0 as COOH 
needed t o  produce t h e  f i r s t  peak i n  F ig .  2b would be  1.4.4 w t %  of t h e  coa l  
( i . e . ,  25% of t h e  t o t a l  0 ) .  This approximation i s  only s l i g h t l y  h i g h e r  than 
Blom's r e s u l t s .  

The second CO2 peak occurs  a t  a temperature  i n  t h e  range of carbonate  
decomposition r e a c t i o n s  f o r  a number of  minera ls .  O'Gorman and Walker (10) 
have c a r r i e d  o u t  an e x t e n s i v e  s tudy  of minera l  m a t t e r  i n  U . S .  c o a l s .  Thei r  
work inc ludes  d a t a  f o r  t h e  o r i g i n a l  minera l  (unheated)  and f i n a l  ash  samples 
from 57 d i f f e r e n t  c o a l s .  Samples of Wyoming subbituminous coa l  wi th  an ash  
composition s imi la r* to  Roland seam c o a l  ( i n  terms of c o n s t i t u e n t  ox ides)  
contained a n k e r i t e .  C a l c i t e ,  a r g o n i t e ,  dolomite ,  and s i d e r i t e  were not  
de tec ted .  Thermal a n a l y s i s  work by Kulp etal. (11) on a n k e r i t e  shows t h a t  
t h e  p r i n c i p a l  carbonate  decomposition occurs  at  about  923 t o  973 K (650- 
700°C). This  i s  i n  reasonable  agreement wi th  t h e  observed second CO peak 
i n  Fig.  2b. 

2 

Carbon monoxide. The evolu t ion  of CO is s imi la r  t o  t h a t  f o r  CO2 i n  
t h a t  two peaks a r e  observed.  The f i r s t  peak i s  a t  about  773 t o  823 K (500- 
55OOC) and the  second i s  a t  973 t o  1023 K (70O-75O0C). A numerical  f i t  t o  
t h e  d a t a  i n  Fig. l b  g ives  t h e  e f f e c t i v e  k i n e t i c  parameters  r e p o r t e d  i n  
Table 2 .  These paiameters  g i v e  an a c c u r a t e  r e p r e s e n t a t i o n  of t h e  p r o c e s s ,  
as can be seen from t h e  c loseness  of t h e  f i t  i n  Fig.  2c. 

The evolu t ion  of CO dur ing  c o a l  p y r o l y s i s  has  been a t t r i b u t e d  t o  s e v e r a l  
sources ,  p r i m a r i l y  e t h e r  l inkages ,  ke tone  groups,  and h e t e r o c y c l i c s .  
F i t z g e r a l d  and van Krevelen (12) sugges t  t h a t  CO formed a t  low temperatures  
[T < 773 K (T < 5OO"C)] a r i s e s  from decomposition of e t h e r  l i n k s  and carbonyl  
groups and t h a t  CO at  h igh  temperatures  [T > 773 K (T > 500°C)] r e s u l t s  from 
degradat ion of h e t e r o c y c l i c  compounds. 

However, due t o  t h e  presence of CO2 i n  t h e  p y r o l y s i s  gas  a t  high 
temperatures ,  some of  t h e  CO may be  a product  of t h e  well-known Boudouard 
reac t ion :  
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Yergey and Lampe (13) s t u d i e d  the  mechanism of t h i s  r e a c t i o n  t o  
determine i f  CO e v o l u t i o n  i s  a two-step process  o r  a s imultaneous r e l e a s e  
of both CO molecules .  Using nonisothermal  k i n e t i c  methods, they  show t h a t  
oxygenated C r e s u l t i n g  from CO2 r e a c t i o n  ( a t  1% i n  f lowing AI-) evolves  
s imultaneously (desorbs)  a t  a peak maximum of  about  600 K (330°C) f o r  pure  C 
and about 700 K (43OOC) f o r  coke from bi tuminous c o a l .  They a l s o  r e p o r t  an 
a c t i v a t i o n  energy 17.5 kcal /mole f o r  CO d e s o r p t i o n  from bituminous coke. 
Probably a p o r t i o n  o f  t h e  CO evolved i n  t h e  reg ion  of  700 K (43OOC) is  a 
r e s u l t  of desorp t ion .  

Taylor  and Bowen (14) i n v e s t i g a t e d  t h e  k i n e t i c s  f o r  CO2 r e a c t i o n  wi th  
char  from Roland seam c o a l  a t  temperatures  above the  CO desorp t ion  regime 
( i n  t h e  reg ion  of about  900-1050 K). They r e p o r t  an a p p r e c i a b l e  rate f o r  
t h e  COz-char r e a c t i o n  a t  t h e  h igher  temperatures .  For  example, a t  1023 K 
(750'C) and 1 a t m  CO2, 25  w t %  of t h e  char  undergoes r e a c t i o n  i n  30 min. So ,  
during p y r o l y s i s  a t  h igh  temperatures  (about 1000 K), i t  i s  reasonable  t o  
expect some CO product ion  from char  r e a c t i o n  wi th  evolved CO2 ( p a r t i c u l a r l y  
CO2 tha t  may be genera ted  from minera l  decomposition a t  t h e s e  high 
temperatures) .  

Major Hydrocarbon Gases 

Ethane, propane,  and e thylene .  Based on  the t o t a l  amount of p y r o l y s i s  
gas  evolved, C2H6,  C3H8, and C2H4 a r e  only  minor c o n s t i t u e n t s .  
because t h e i r  h e a t s  o f  combustion f a r  exceed t h o s e  of other os? c z y x z = z t s ,  
cney nave a l a r g e  e f f e c t  on t h e  Btu v a l u e  of the  p y r o l y s i s  product  gas even 
a t  low c o n c e n t r a t i o n s  (Table 3 ) .  The combined c o n c e n t r a t i o n  of C2H6, C3H8, 
and C2H4 is  only 3.56% of t h e  evolved gas ,  b u t  t h e s e  gases  provide 14.4% of 
t h e  t o t a l  gas  h e a t  of combustion. 

However, 

The p y r o l y s i s  peak maxima f o r  t h e  above t h r e e  gas  hydrocarbons a r e  
n e a r l y  e q u i v a l e n t ;  i.e., 783 t o  793 K (51O-52O0C). Barker  (15) measured the  
peak maximum f o r  t h e  combined C 1  t o  C1o hydrocarbon r e l e a s e  from anumber of 
v i t r i n i t e s .  A v a l u e  of 7 5 3  K (480'12) was r e p o r t e d  f o r  t h e  broad peak 
observed f o r  Roland-Smith (Wyodak) v i t r i n i t e s  (70.2% C ,  d r y ,  ash-free) .  The 
r e l e a s e  of  condens ib le  l i q u i d  hydrocarbons goes through a maximum of 673 t o  
723 K (4O0-45O0C) (16) .  

Table 2 gives  t h e  k i n e t i c  parameters  ( c a l c u l a t e d  us ing  Equation 1 )  f o r  
t h e  release of t h e  t h r e e  g a s  hydrocarbons. F i g u r e  2 shows a t y p i c a l  f i t  f o r  
C 2 h j .  Van Heek and Jiintgen ( 4 )  r e p o r t  an a c t i v a t i o n  energy of about 4 1  o r  
42 kcal /mole f o r  C2Hg e v o l u t i o n  from hard  c o a l .  
somewhat h i g h e r  than  t h e  one r e p o r t e d  h e r e ,  s i n c e  the  temperature  and 
a c t i v a t i o n  energy o f  hydrocarbon r e l e a s e  i n c r e a s e  wi th  rank.  

A s  expec ted ,  t h i s  v a l u e  i s  

The source  of t h e s e  l i g h t  hydrocarbons is  thought  t o  be a l i p h a t i c  s i d e  
cha in  groupings and i n t e r - l a m e l l a e  l i n k a g e s  cracked a t  h igher  temperatures .  
Work on model compounds by Depp etal., shows t h a t  methylene and ethane 
l inkages ,  i n  p a r t i c u l a r ,  a r e  q u i t e  weak (17) .  

98 



A review by Tingey and Morrey (18) s t a t e s  t h a t  t h e  amount of C present  
as  a l i p h a t i c  m a t e r i a l  is g e n e r a l l y  high f o r  low-rank c o a l s .  
s i d e  groupings a r e  methyl, e t h y l .  and propyl  wi th  s m a l l  amounts of b u t y l .  
Alkane u n i t s  of Cn, n > 4 are r a r e .  On t h e  o t h e r  hand, t h e  concent ra t ion  
of methyl groups i s  by f a r  t h e  l a r g e s t  and is u s u a l l y  repor ted  t o  be  g r e a t e r  
than one pre-aromatic lamellae (18). 

Methane 

The major a lkane  

I n  terms of h e a t i n g  v a l u e ,  CH4 i s  t h e  most important  p y r o l y s i s  product .  
It accounts  f o r  about  h a l f  t h e  t o t a l  h e a t  of combustion of t h e  p y r o l y s i s  gases  
(Table 3). Methane evolves  over  a r a t h e r  l a r g e  temperature  range (Fig.  l b ) .  
The o r i g i n a l  sharp  i n c r e a s e  i n  CH4 product ion  occurs  a t  t h e  same temperature  
as  observed f o r  t h e  o t h e r  l i g h t  hydrocarbons (Fig.  I C ) .  However, t h e  CH4 
peak tai ls  o f f  s lowly a t  high temperatures  and does not  reach e s s e n t i a l l y  
zero u n t i l  1173 K (900'C). 

It appears  t h a t  CH4 product ion  i n  t h e  770 K (5OOOC) region r e s u l t s  from 
dea lkyla t ion ,  t h e  g e n e r a l  mechanism proposed t o  produce o t h e r  l i g h t  
hydrocarbons. A t  h i g h e r  tempera tures  [T > 820 K (T > 550°C)], CH4 product ion  
is undoubtedly due t o  another  (or  many o t h e r )  r e a c t i o n s .  F i t z g e r a l d  and 
van Krevelen sugges t  t h a t ,  a t  t h e s e  h igher  tempera tures ,  CH4 is  produced from 
char  autohydrogenat ion r e a c t i o n s  (12 ) .  Due t o  t h e  high-temperature t a i l  on 
the  CH4 curve,  i t  i s  impossible  t o  r e p r e s e n t  gas e v o l u t i o n  a c c u r a t e l y  using 
a s i n g l e  f i r s t - o r d e r  decomposition mechanism. For t h i s  reason,  a sum of 
t h r e e  curves was used. This  i s  t h e  minimum number t h a t  w i l l  g i v e  a c l o s e  
f i t  on t h e  experimental  d a t a .  For  modeling purposes ,  it is  reasonable  t o  
use more than  one curve t o  f i t  t h e  d a t a ,  s i n c e  a c c u r a t e  r e p r e s e n t a t i o n  of 
the  o v e r a l l  p rocess  i s  important .  However, on a p h y s i c a l  b a s i s ,  it is  
d i f f i c u l t  t o  i d e n t i f y  t h e  source  of each peak. 

As d i scussed  above, t h e  f i r s t  s h a r p  rise i n  CH4 e v o l u t i o n  ( a t  about 
770 K) probably r e s u l t s  from d e a l k y l a t i o n .  S ince  t h e  k i n e t i c  parameters  
f o r  evolu t ion  of C2H6, C3H8, and C2Hk are n e a r l y  e q u i v a l e n t ,  t h e  a c t i v a t i o n  
energy f o r  t h e  i n i t i a l  product ion of CHh would be expected t o  be 30 t o  35 
kcal/mole. By us ing  an a c t i v a t i o n  energy of 31.0 kcal /mole f o r  t h e  f i r s t  
peak, one can a c c u r a t e l y  r e p r e s e n t  t h e  i n i t i a l  r i s e  i n  t h e  CH4 e v o l u t i o n  
curve. This  a g r e e s  wi th  t h e  expected r e s u l t .  

SUMMARY AND CONCLUSIONS 

Gas e v o l u t i o n  dur ing  p y r o l y s i s  of Roland seam (Wyodak mine) subbituminous 
c o a l  was i n v e s t i g a t e d  from 383 t o  1273 K (llO-lOOO°C) i n  an i n e r t  gas  (Ar) 
environment. The e f f e c t i v e  k i n e t i c  parameters  ( a c t i v a t i o n  energy and frequency 
f a c t o r )  f o r  each major  gas evolved were determined using nonisothermal  k i n e t i c  
methods. E f f e c t i v e  k i n e t i c s  provide  v a l u a b l e  i n p u t  f o r  modeling processes  
involving c o a l  p y r o l y s i s  (e .g . ,  i n  s i t u  c o a l  g a s i f i c a t i o n ) .  
these  k i n e t i c  r e s u l t s .  

Table  2 summarizes 

From t h e  experimental  r e s u l t s ,  a q u a n t i t a t i v e  measure of each major 
gas evolved w a s  a l s o  obta ined .  
maximum f o r  t h e  p y r o l y t i c  r e l e a s e  of each gas  were determined. 

The temperature  reg ion  and temperature  
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The observed g a s  e v o l u t i o n  processes  g e n e r a l l y  c o r r e l a t e d  with 
decomposition of  known ch,emical s t r u c t u r e s  i n  c o a l .  
phys ica l  p i c t u r e  of  t h e  p o s s i b l e  chemical  r e a c t i o n s  d u r i n g  p y r o l y s i s .  

T h i s  provided a good 

ACKNOWLEDGMENTS 

The a u t h o r  g r a t e f u l l y  acknowledges the  f i n e  t e c h n i c a l  suppor t  of 
Howard Washington in c a r r y i n g  out  c e r t a i n  phases  of t h i s  work. Support 
from t h e  LLL a n a l y t i c a l  Chemistry Labora tor ies ,  p a r t i c u l a r l y  t h e  f i n e  work 
by V i r g i l  Duval and Charles Ot to ,  i s  apprec ia ted .  F i n a l l y  many h e l p f u l  
d i s c u s s i o n s  wi th  Robert  Taylor  and David Bowen a r e  acknowledged. 

REFERENCES 

1. 

2.  

3. 

4 .  

c *. 

6. 

7. 

8. 

9. 

10. 

11. 

G.  H .  Higgins ,  A New Concept f o r  I n  S i t u  Coal G a s i f i c a t i o n ,  Lawrence 
Livermore Labora tory ,  Rept .  UCRL-51217 (1972). 

D.  R.  Stephens,  A. Pas te rnak ,  and A. Maimoni, The LLL I n  S i t u  Coal 
G a s i f i c a t i o n  Program, Lawrence Livermore Labora tory ,  Rept. UCRL-75990 
(1974). 

J. H. Campbell, P y r o l y s i s  of Subbituminous Coal a s  i t  Relates t o  I n  
S i t u  G a s i f i c a t i o n  (Par t  I: Gas Evolu t ion) ,  Lawrence Liverinore 
Laboratory,  UCRL-52035 (1976). 

K .  H.  van Heek and H .  J h t g e n ,  Ber. Bunsenges. Phys. Chem. 71, 113 
(1967);  72, 1223 (1968). 

?. J. >.C~CTEZZ,  G:ZS : A Ccmpii-iii- F'i-ugi-ani Z u i  Grnerai Kon-Linear Leasr 
Squares Curve F i t t i n g ,  Lawrence Livermore Laboratory,  Rept. UCID-15636 
(1970) .  

N .  Berkowitz and W. den Hertog,  F u e l  41, 507 (1962). 

W. I d r i s  Jones ,  J. I n s t .  F u e l  2, 3 (1964). 

D.  F i t z g e r a l d ,  D. W. van Krevelen, and 3 .  Schuyer, Coal Science 
( E l s e v i e r ,  Amsterdam, 1957) ,  p. 307. 

L.  Blom, Ph.D. thesis, Univ. of D e l f t ,  Holland (1960). Data repor ted  
i n :  Chemistry of  Coal U t i l i z a t i o n ,  H. H. Lowry, Ed. (John Wiley and 
Sons, New York, 1963), p. 267. 

J. V. O'Gorman and P .  L.  Walker, Mineral  Matter and Trace Elements i n  
U.S.  Coals ,  Nat l .  Tech. I n f o .  Serv ice ,  Rept. OCR-61-INT-2 (1972). 

J. L .  Kulp, P. Kent, and P. F. Kerr, Am. Minera l .  36, 643 (1951). Data 
a l s o  r e p o r t e d  in D i f f e r e n t i a l  Thermal Analys is ,  Vol. I ,  R .  C. Mackenzie, 
Ed. (Academic P r e s s ,  New York, 1970) ,  p .  323. 

100 



D.  F i t z g e r a l d  and D. W .  van Krevelen, Fue l  38, 17 (1959). 

A .  I .  Yergey and F. W. Lampe, Fuel  53, 280 (1974). 

R. Taylor  and D. Bowen, Rates  of React ion of Steam and Carbon Dioxide 
wi th  Chars Produced from Subbituminous Coals ,  Lawrence Livermore 
Laboratory,  Rept. UCFZ-52002 (1975). 

C.  Barker ,  Fue l  53, 176 (1975). 

J. H. Campbell, P y r o l y s i s  of  Subbituminous Coal a s  i t  Relates t o  In-Si tu  
G a s i f i c a t i o n  ( P a r t  11: C h a r a c t e r i z a t i o n  of Liquid and S o l i d  Products ) ,  
Lawrence Livermore Laboratory,  t o  be  publ ished (1976). 

E .  A. Depp, C .  M. Stevens,  and M. B. Neuworth, Fuel  35, 437 (1956) .  

6 .  L. Tingey and 3 .  R. Morrey, Coal S t r u c t u r e  and R e a c t i v i t y ,  B a t t e l l e  
P a c i t i c  Northwest Labora tor ies ,  Richland,  Wash., Rept. TID-26637 (1973). 

Table 1. Standard chemical a n a l y s i s  
of Roland seam c o a l .  

Charac- A s  Dry 
t e r i s t i c  r e c e i v e d  sample 

U l t i m a t e  a n a l y s i s  

- Moisture  34.67% 

Carbon 43.61 66.76% 

Hydrogen 3.44 5.25 

Nitrogen 0.73 1.11 

Chlorine 0.01 0.01 

S u l f u r  0.48 0.74 

Ash 5.96 9.13 

Oxygen (by 
d i f f e r e n c e )  11.10 16.99 
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s kn 1 '/ Ok,co 4 Fig. 1 E f f e c t  of temperature  of gas  
e v o l u t i o n  dur ing  p y r o l y s i s  
of Roland seam c o a l .  The 
h e a t i n g  rate i s  3.33 Kfmin 
(3.33'C/min), t h e  c a r r i e r  gas  
is A r ,  and t h e  p a r t i c l e  
d iameter  is 1.65 t o  3.35 mm. 
The r a t e  of gas e v o l u t i o n  is 

673 873 1073 1273 relative t o  a cons tan t  flow 
(400) (600) (800) (1000) of c a r r i e r  gas. One u n i t  on 

Temperature - K ("C) 
t h e  v e r t i c a l  a x i s  e q u a l s  
0.737 cm3/g*rnin. 

NOTICE 

"This report was prepared as an B E E O U ~ ~  of work 
sponsored by the United States Government. 
Neither the United State$ nor the United States 
Energy Research & Development Administration. 
nor any of their employers, nor any of their 
C O ~ I T S E I O ~ S ,  subcontractors. or their employees, 
makes any warranty, express or implied. or 
assumes any legal liability or responsibility for the 

information, apparatus, product or process 
disclosed, or represents that its use would not 
infringe privatelyowned rights." 

cOmp~eten~ss  or u s e f ~ ~ n e ~ ~  or any 

104 



500 700 900 1100 1300 
(227) (427) (627) (827) (1027) 

5 -  
r 4 -  z -  

1 3 -  
0 -  .- 
& 

500 700 900 1100 1300 
(227) (427) (627) (827) (1027) 

> 
__ 

- 

Temperature - K ( "C)  Temperature - K ("C)  

2.2 

x 
* 1.8 
\" 
5 
2 

s 

ra 

- 1.4 

' 1.0 
.- 
L 
3 - 

0.6 
v1 s 

0.2 
0 
500 700 900 1100 

(227) (427) (627) (827) 

Temperature - K ( " C )  Temperature - K ("C)  

Fig.  2 Numerical f i t  of Equation 1 t o  experimental data f o r  gaseous 
evo lu t ion  of (a )  H2, (b) C02,  ( c )  CO,  and (d)  C2H6. 
time-temperature s c a l e s  are coupled, the r a t e  i s  i n  u n i t s  of 
cm3/g-K. 
of 3.33 Klmin. 

Since the 

To convert t o  time u n i t s ,  mul t ip ly  by the heating r a t e  
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